We have prepared two new diastereoisomeric 2-aza-5-phosphabicyclo[2.2.1]heptanes from naturally occurring trans-4-hydroxy-L-proline in six chemical operations. These syntheses are concise and highly efficient, with straightforward purification. When we used these chiral phosphines as catalysts for reactions of γsubstituted allenoates with imines, we obtained enantiomerically enriched pyrrolines in good yields with excellent enantioselectivities. These two diastereoisomeric phosphines functioned as pseudoenantiomers, providing their chiral pyrrolines with opposite absolute configurations.
O ver the past two decades, many novel phosphine-catalyzed ring-forming reactions have been developed in laboratories worldwide. 1 Among them, Lu's [3 + 2] annulations between allenes and alkenes to form cyclopentenes were the first examples of phosphine-catalyzed annulations employing allenes. 2 Shortly after that initial report had appeared, this approach was extended to the syntheses of pyrrolines by conjoining allenes with Nsulfonyl imines. 3 The versatility and utility of Lu's strategy have been widely recognized, with subsequent years witnessing the invention of many synthetically valuable phosphine-catalyzed reactions of allenes with various coupling partners to afford a host of small-ring compounds. Not surprisingly, there has been great interest in the development of efficient enantioselective variants of these reactions using chiral phosphine catalysts. Indeed, many successful examples of the syntheses of chiral cyclopentenes have been reported. 4 Despite the substantial efforts of several research groups, however, efficient asymmetric variants of Lu's pyrroline synthesis remain scarce. 5 Specifically, there exist only two reportsone by Jacobsen and the other by Luof asymmetric phosphinecatalyzed syntheses of pyrrolines with ee's of >90%. 6 These two examples are, however, limited in substrate scope. They both employ simple 2,3-butadienoates and N-diphenylphosphinoylimines and produce 1,2,3-substituted-2,5-dihydropyrroles. The pyrroline motif available through the allene−imine [3 + 2] annulation is present in many bioactive natural products and intermediates in pharmaceutical synthesis. 7 Some 1,2,3,5substituted pyrroline derivatives are inhibitors of geranylgeranyltransferase type I (GGTase-I), 8 and others appear in natural products. 9 Therefore, the development of efficient catalytic asymmetric syntheses of these compounds has become a priority. Here, we disclose the design and synthesis of a new class of rigid [2.2.1] bicyclic chiral phosphines and their application as catalysts in highly enantioselective syntheses of 1,2,3,5substituted pyrrolines.
Another common feature in the two reported enantioselective syntheses of pyrrolines is the use of chiral phosphines containing hydrogen-bond donors. 6 Intrigued by the lack of simple chiral phosphine catalysts that facilitate allene−imine [3 + 2] annulations efficiently, we turned our attention to Zhang's chiral phosphine A that was used in the first enantioselective annulation of allenes (Scheme 1). 4a The key structural feature of the chiral catalyst A is its rigid [2.2.1] bicyclic framework, which eliminates the conformational flexibility associated with other cyclic chiral phosphines (e.g., Duphos, BPE ligands). The reported synthesis of A, however, involves eight steps starting from 1,4diisopropylbenzene, including asymmetric hydroboration using (+)-IpcBH 2 . 10 Our criteria for catalyst design included a rigid bridged bicyclic framework, a good source of chirality, and convenient methods for synthesis and modification. We realized our objective by employing commercially available trans-4hydroxy-L-proline (Scheme 1).
Following the procedure developed by chemists at Pfizer for the synthesis of danofloxacin, we prepared the tritosylated hydroxyprolinol 1 in 82% overall yield over three steps. 11 Bisalkylation of dilithium phenylphosphide with 1 afforded a 1:0.96 mixture of the exo-and endo-P-phenylphosphines 3 (δ P = −17.5 ppm) and 3′ (δ P = −16.5 ppm), respectively. Instead of applying borane complexation 12 or tetrafluoroboric acid treatment 13 to the phosphines 3/3′, for purification we opted for an oxidative workup to isolate the corresponding phosphine oxides 2/2′. The H 2 O 2 -mediated oxidation of the crude alkylation mixture afforded the phosphine oxides 2 (δ P = +49.3 ppm) and 2′ (δ P = +50.5 ppm) in 83% isolated yield, as separable compounds, for the one-pot, two-step sequence. 14 Trichlorosilane reduced the phosphine oxides 2 and 2′ with retention of stereochemistry to afford the tertiary phosphines 3 and 3′ in 99 and 93% yields, respectively. As white powders, these free phosphines were sufficiently air-stable to be transferred without elaborate precautions against oxidation, and they were sufficiently pure to be used without further purification. In total, the six-step route (including the oxidation/reduction sequence as a protection/ deprotection protocol) provided the phosphines 3 and 3′ in overall yields >34 and 31%, respectively, from trans-4-hydroxy-Lproline. 15 With the phosphine 3 in hand, we explored its use in enantioselective syntheses of pyrrolines. The initial reaction of ethyl allenoate 4a with N-tosyl benzaldimine 5a afforded the pyrroline 6a′ in 91% yield with 53% ee ( Table 1 , entry 1). Several γ-alkylallenoates afforded 2,5-cis-substituted pyrrolines exclusively, with enhanced values of ee upon increasing the size of the γ-substituent (entries 2−5). Interestingly, the products from all the γ-alkylallenoates were the (2R)-enantiomers 6b−i, whereas the product from ethyl allenoate (4a) was the (2S)-enantiomer 6a′. 16 We further improved the enantioselectivity by changing the substituents on the N-sulfonyl group (entries 6−9), with the highest arising when using imines containing electron-deficient benzenesulfonyl protecting groups (entries 8 and 9). The pnitrobenzenesulfonyl (nosyl, Ns) group provided the highest overall reaction efficiency (97% yield, 97% ee; entry 9). In addition, as a protecting group it is complementary to Jacobsen's diphenylphosphinoyl group and can easily be removed. 17 The catalyst 3 (10 mol %) facilitated [3 + 2] annulations between ethyl γ-tert-butylallenoate and a variety of Nnosylimines to produce 2,5-cis-substituted pyrrolines in good yields and high ee's ( Table 2 ). Arylimines bearing o-, m-, and pchlorophenyl rings were suitable substrates (entries 1−3), as were those featuring electron-deficient phenyl rings (entries 4− 8). The enantioselectivity diminished when we applied electronrich benzaldehyde-derived N-nosylimines as reaction partners (entries 9−11). Gratifyingly, when employing the N-nosylimine 5e (versus N-tosylimine 5a) in the transformation, the chiral catalyst 3 could produce pyrrolines derived from other γalkylallenoates with improved ee's (entries 13−17), except for that of the parent allenoate (entry 12 versus entry 1 of Table 1 ). The trisubstituted pyrroline 6u′ was again formed with its (2S)isomer as the major enantiomer.
Although N-nosylimines provided the best results, imines bearing other nitrogen-protecting groups also produced high ee's. For example, the reaction of 4e with the N-o-tosyl benzaldimine 5q provided 6aa in 92% yield and 90% ee. 18 This result is particularly significant because the resulting pyrroline is a precursor to a GGTase-I inhibitor that is viable for in vivo anticancer activity. 8c,d The phosphines 3 and 3′, albeit diastereoisomeric, possess opposite stereochemistry at their P-chiral centers at which the covalent bonds to the allenoates are formed. Therefore, we anticipated that they might produce respective pyrroline antipodes. To our delight, the catalyst 3′ not only provided the opposite pyrroline enantiomers to those formed using 3 but also with much improved enantioselectivity (Table 3) . For instance, when using the endo catalyst 3′, the reactions between Ntosylbenzaldimine (5a) and a variety of γ-alkylallenoates furnished (2S)-pyrrolines 6′ in over 90% yield and 90% ee (entries 2−6). We obtained even the trisubstituted pyrroline 6a′ in 72% ee with the (2S)-configuration (entry 1). Not surprisingly, when employing the γ-tert-butylallenoate 4e, all 
4f ( six of the imines 5a−e and 5r, containing N-sulfonyl substituents of varying electronic and steric properties, produced their corresponding pyrrolines in excellent yields and ee's (entries 5− 10). To further compare the performance of 3′ with that of 3, we reacted N-nosylbenzaldimine (5e) with allenoates bearing various γ-substituents. Although the catalyst 3′ did indeed furnish the pyrrolines with improved yields and ee's relative to those obtained using 3 (cf. entries 11−16 of Table 3 with entries  12−17 of Table 2 ), interestingly the ee's were slightly lower than those of the products formed from the N-tosylimine 5a (cf. entries 11−14 with entries 1−4). Catalyst 3′ was also suitable for use with a broad variety of imines (entries 17−24), including heterocyclic imines (entries 25−27). Allenes with various γsubstituents, including γ-phenylallenoate, produced 1,2,3,5substituted-2,5-dihydropyrroles 6′ in good yields and ee's (entries 28−30). To gain insight into the factors governing the stereoselection of these reactions, we performed restricted B3LYP/6-31G(d) hybrid density functional theory (DFT) calculations using the G09 suite of programs. We located the transition state structures for the (2R)-and (2S)-stereofacial imine additions, TS1 and TS1′, respectively, for the reaction between the allenoate 4e and the imine 5e (Figure 1 ). Their C α ···C imine bond forming distances were similar: 2.19 and 2.22 Å, respectively. Both transition states feature the lowest possible number of unfavorable van der Waals contacts. In the higher-energy transition states, however, it was the bulky N-tosyl (of 3) and P-phenyl (of 3′) groups of the catalysts that experienced the majority of such unfavorable contacts. 19 Two stabilizing factors were common to both transition states for the C α ···C imine bond-forming events during the allene−imine [3 + 2] annulations: (i) a hydrogen bond between the imine N-sulfonyl oxygen atom and a hydrogen atom on the bicyclic ring system of the catalyst 20 and (ii) a favorable Coulombic interaction between the allenoate CO oxygen atom and the phosphorus atom. 21 A notable difference between the two transition states is the relative orientation of the phosphine catalyst, flipped by 180°with respect to the allenoate and imine subassembly. The exophosphine 3 blocked the Si face of the phosphonium dienolate, while the endophosphine 3′ blocked the Re face, resulting in opposite absolute configurations at the C imine atoms.
Thus, it would appear, based upon these DFT findings, that the relative orientation (i.e., flipped alignment) of the phosphine catalyst, the minimization of unfavorable van der Waals contacts, and the presence of stabilizing interactions within TS1 and TS1′ govern the (2R)-vs (2S)-enantiofacial selectivity of these reactions. These predictive models are consistent with the observed formation of the pyrroline antipodes 6i and 6i′.
In summary, we have developed a new class of rigid chiral [2.2.1] bicyclophosphines that are highly effective catalysts for the asymmetric syntheses of 1,2,3,5-substituted pyrrolines. To the best of our knowledge, this paper is the first systematic report on the phosphine-catalyzed asymmetric syntheses of pyrrolines having this type of substitution. 9 The two diastereoisomeric phosphines function as pseudoenantiomers, producing their pyrrolines in opposite enantiomeric forms. To facilitate widespread use of our chiral phosphines, we have already supplied them for sale through Sigma−Aldrich. 15 Our ability to supply these chiral phosphines highlights their simple synthesis. Further exploration of the catalyst structure and application of these catalysts to other transformations are underway.
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Experimental procedures and analytical data for all new compounds (PDF); crystallographic data for compounds 2, 2d′, 3, 6a′, and 6aa (CIF). This material is available free of charge via the Internet at http://pubs.acs.org. Tables 1 and 2 for the structures of the allenoates 4a−g; 4h: R = Ph. b Isolated yield after column chromatography. c Determined through HPLC using a REGIS (R,R)-DACH DNB chiral column; see SI for details. d The only (2S,5S)-pyrroline that exhibited a negative optical rotation; its absolute value (−16°) was much smaller than those of the other compounds, most of which were >100°. 
